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SLIMMA R Y
-A Fortran program has been developed for rigid-aircraft gust response calculations.

Equations of motion for the aircraft dynamics are defined in the program and may be
augmented to include flight control systems. hiput data are used to described a particular
aircraft configuration, aerodynamic data and flight conditions. The program calculates
the gust response transfer functions and combines them with gust spectra to obtain the
output response spectra. The relatiely simple gust model included may be biodified or
extended readily. The transfer functions may also be used to obtain time-domain responses
to discrete gusts, Examples are given showing the c/fects on gust response of variations in
configuration, aerodynamics and control systems
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NOTATION

ao, ai. a2 Coefficients defining element of A(s). Fquation (25)

A(s) Matrix defining systeni model. Equation (1)

Ai(s), AuAS) Longitudinal and lateral aircraf nmodels

AO0, AlI, A2[I.JJ Two-dimensional arra% s specifuk ng eements of' A

Ratio of span mean acrodsnamic chord. b C

b Span

h(), hi, h2  Coefficients defining elements ofBl(s). Equation (25)

B(s) Mlatrix of gust in )L~ transfer functions. Equation ()

lid ). ~s)Longitudinal and lateral cr,,ions of' B

80. BI. B2[I 1 One-dimensional arrmoo, slic:if\ ig colnnN of B

Mean acrod~ namic chord

CI). CI . (s. Cr D~ra.- lift. Sideforce and thrust coefficients, Force 5

CI. ('11 Rollinu and \.m ige moment coefficients. Momnent 41 I'!5h

Pitching moment coefficienlt Mfoment I 2SC

CII Aircrafti seight coeiflicrent. mg, 4 1 "S

It CI I ( Cfn I. CT; Non-(linensional derisaties s%.r.t. I . CI, VtII etc.

Co'. ( ;,. Cm, Non-dimecnsional derNsatiseN s\ .r.t. -Y. cCi) a. etc.

( 'tt. C,,. (l., Ci,,,. (',). C,,, Non-dimensional dens\ atis \\~.r.t. ti, i CI) 6. etc.

I,. Cw..l C NN on-dimensional dens atises w.r~t. p. iC, 'i (ph 2! *,), etc.

ci,'. C, Non-dimensional dens atises ms r.t. r, Ci (rI' 2 V0,.. etc.

C [ ,3. C\,i Non-dimiensional dens atis es ss .r.t. i C, i etc.

Ci.J Cq l Non-dimensional dens atiemo rt q. e Ci, (qC 21I,) etc.

CI,, Non-dimensioinal dens atie ss .r.t. i. (C. &(V 2 1

f Aerodynamic force sector. I'quation (1f

g GuLst sector. Equation (If

1.2g Longitudinal arnd lateral %ersion% of g

G(s) System transfer function niatri\. Equation ( 2)

Gik Element i~k of G

Gm,,~ GI),, GI),, Aerodynamic transfer functions relating drag to V. 2, (' Spets

Gip. (;lr, Gi,~, Gt8  Aerodynamic transfer functions relating rolling moment to
p., r. P, respectively

G i,q1 . GI_, G1,8 Aerodynamic transfer functions relating lift to V. q. 2. (S
respectively



Gmt.v Gmq. G111i, Gilis Aerodynamic transfer functions relating pitching moment to
I . q. x. S respectisely

Gvp. Gur. Gn, Gv, Aerod~ naniic transfer functions relating yawing moment to
p, r, 3, ; respectisel)

(4 p. Gir. G; ,. G1  Aerodynamic transfer functions relating sideforce to p. r, .

respect i~ek'

Un Transfer function relating thrust tot

IX. I., > Aircraft moments, and product of inertia

b. I. LrNonl-dimensional inertias~. I, P,811h 201. etc.

I,, ~No n-d inmensi ona I inert ia in roll. 1, ,, 20(1

A Damper gain. Equl~ationl (10)

I. lurbulence leng~th scale. [LIuation (22)

Mn Aircraft mass

Normal load factor. AI ni-

p. 7 Roll. pitch and \.m~ ratc componenits in bod\ axes

.v Laplace '.ariable

S Reference area

Time

N on-dIile nsionalisinelL time scale. 21 ,

11. 1% it Velocity comlponenits in Ood\ axes

I Airspeed

x. v. Co-ordinates in bod\ awes

State \etkr
Angle of attack

'Ihrust \ector angle wN.r.t. reference bodN x-axis

Sideslip angle

y Climb angle

Control surface angle

\)mv~ariahle. [quation (II)

A Small increment

0) Pitch angle

Al, A. ( oust %kavelengths along \. j axes. Fquation (19)

p ~Relative (tensity parameter. 2 m,',S

P Atmospheric density

ci Standard dcvi at ion

Sunmmat ion

rm. 72. T3 C'ontrol system time constants. Equation (10)

'I' Roll angle

*R. *.rInput (gust) and output power spectral density matrices,
E-quation (3)



0949 General element of 4g

(D'u(uM. 'g, (N4,".gu, 'IPgpg Specific. diagonal element of g

Yaw angle

w, Frequency

L 1. t - x. y components of wae number \ector

Subscripts

e Refers to equilibrium or trim value

g Refers to gust

Superscripts

T Vector or matrix transpose

• Complex conjugate



I. INTRODUCTION

In recent years the need has arisen at ARL from time to time for the calculation of rigid-
bodN gust response characteristics of aircraft configurations. Such calculations are useful. for
example, in assessing the platform stability of air %ehicles in a turbulent atmo,phere. Appli.tl., .
include comparisons betwveen competing RPV designs and design requircimlent for a I.A ¢c
designator. Similarly, estimates can be made for \chicle flight path disperion or for grist 1, .asC

on different parts of the \chicle. Further. Militar\ Specifications (e.g. Ref. I ) call for calculation
of aircraft response to atmospheric disturbances for assessment of 11x ing qualities.

This Note documents a general gust response program \% hich ha-, been de\ eloped at A R 1.
in order to meet such requirements. Although the program has I-econigurcd to produce
response spectra due to isotropic homogeneous turbulence \ th a Non Karlnan spectrum it i,
readil adaptable to more complex turbulence models including cross-correlations. On tihe oilhcr
hand the program maN simpl\ be used to pro\ ide aircraft gust response transfer functions \\ hich
max he used in calculating the response to a discrete gust. Most of the parameters describing
the aircraft contiguration. flight conditions and aerodynamics are read in as inputs thus facili-
tating comparisonV et\%een different aircraft configurations. inestigation of etl'cxts of changes
in acrod. namic parameters, control s. stem operation. etc. Although limitations exist in the range
of \alidity of the theorN it may he assumed that its use in assessing relatike trends extends o\er a
rather Nsidcr range.

Section 2 of this Note sunmarites the background theors and treats in more detail the air-
craft and gust mathematical models including a discussion of the range of \alidit\ implied b\
the \arious approximations. This is follo\ed in Section 3 b> a description of the computer pro-
gram and Section 4 prosides examples of its application to tvo xsidely different \ehicle
contigurations.

2. THEORY

The theoretical treatment in this section is derixed largel. from References 2 and 4. The --asic
mathematical approach is first described folloed b\ a more detailed look at the t\o basic
components. %iz. the aircraft d3 namics model and the treatment of the gust input.

2.1 Mathematical Model

The aircraft response to gust input can be treated as a ;mall disturbance problem abott a
nominal trim state. I hus a linearised set of equations provides an adequate description of the
motion. A general Laplace Transformd set of equations can I-e \ritten as follo\\s:

A(.)x(s) = f(s) B(s)g(s). (I

Where x(s) is the Laplace Transform of the aircraft state vector. f(s) is the Laplace Trans-
form of the aerodynamic force vector due to the gusts and the matrix A(s) relating the t\\o con-
tains a description of the aircraft aerodynamic and inertial characteristics. The force sector,
f(s), can he derived from a representation of the gust velocity field g(s) through B(s). sshich is
a matrix of -gust transfer functions". These will he treated in more detail in 2.3 helow.

From Equation (1) a matrix of Transfer Functions, G(s). relating the aircraft response.
x(s), to the gust input, g(s), can he obtained:

x(s) = G(s)g(s). (2)

If x(s) is an (it x I) vector and g(s) is an (in x I) vector it follows that (;O) is an (u x i1)
matrix. A substitution of iw for s (w being frequency in radians/s) yields the I ourier Transform



representation of the transfer function G(iw). If the response to a discrete gust is, required then
this can be done directly in the frequency domain through the use of G(iw) followed by a trans-
formation back to the time domain. On the other hand, a spectral representation of the response
can be obtained immediately from the relation:

C = G*4$(G. (3)

Where the matrix 0, is gust input power spectral dcnsit. matrix Om x 1n) and 4, is the out-
put power spectral density matrix (n x it). Normally the diagonal elements of 41-, are of interest
and. for these, Equation (3) can be expanded as followNs:

m m

A / I

where the subscripts refer to elements of the respective matrices. For the case of zero input
cross spectra, i.e. no cross-correlations. Equation (4) can be further simplified to give

,A 1

The integral of the output povser spectrum with respect to co gives the \ariance of the air-
craft response about its nominal steady \alue. i.e.

(5a)

where a , is the \ariance of the v, component of the state vector.

2.2 Aircraft Model

The use of linearised small disturbance equations allosss the aircraft d)namics to be
decoupled into Longitudinal and Lateral response sets, thereby reducing the size of the A(s)
matrix (Eqn 1). The equations can be augmented vsith additional equations describing an\
flight control systems that may be present.

2.2.1 Aircraft Dynamics

The decoupled, non-dimensional, small-disturbance equations used are taken from
Reference 2. The nominal reference state is. in general, steady flight at a climb angle of 7,,. The
thrust vector is assumed to be at an angle 3vr With respect to a reference set of axes fixed in the
body. This set of reference axes is assumed to be initially aligned with the velocity vector. i.e.
stability axes.

The Longitudinal equations are in vkind axes with the state vector given by:

x(s) = [A V(s), ex(s), q(s). A(s)] T (6)

while the Lateral equations are in body axes and the state vector is:

X(S) -= [f(s). p(sV). r.(s). 6/(S)] 7'. (7)

The A(s) matrix for each of these cases is given in Appendix I. Note that since non-
dimensional equations are used, the Laplace Transform is with respect to non-dimensional time.
(2V[e)t. Further, for generality, the aerodynamics characteristics are written as aerodynamic
transfer functions even though in practice these are replaced by their quasi-steady approximations
in terms of aerodynamic derivatives.

Although Equations (6) and (7) list only the state variables, responses for related variables
can readily be derived. For example the variation in load factor, An(s) in g's, in response to a
vertical gust, wg say, is related to a(s) and AV(s), the incidence and airspeed responses due to the
vertical gust, respectively:

An(s) = C1, (s) w5(s)' 2A V(s). (8)

2



Similarly, thle im ax ngle 1(N) is obtained from thle inteerl_,~ of. the \.t\% rate r( illit:

(.R 0 s sec r( N) (9)

l~khere A- is the ratio of Npan to mean aerodx namec chord.

2.2.2 ('onfroll SsitICNs

I he etlct oft automatic flight control Oil ftm ilo e tiCN10t 1 re'{. I ll Ica OIe ..ht11iIn tlx

emtending thle state V ectors. tilquatiotts (6) and (7). andI the .XN miatrix. to model the '.xlstem'
present. [or c\aniple tile pitch Or \11Mx damt-I)I sx 1 titlt: on I_.' III 11M Fe Modelled I-\
tit: 1-11MIIo I"' eqjUation1

I.I here .xts) i- thle daimper responlse to pitch rate. (i. A is a oait C01111t i )pehIIil~ on speed

and height) and r. m are tim1e COnI'ltant. I11h11N. for Iamp C. the -lonidinlal 11tate \ ector.
Lquation (b), need onl\ he .~imcnted bN o) s) xx ile thle A(\) matl?\ has an additional roxx.
(0. 0. A. 0. /1( sf ).and .11i additional coluilliti. i,- (I" .0, /?(. 11. \k here /it
(71 J( -. It)t -l - 11-.

Ini practice. the computer prograim descied inl Section S 3ilx 310\ OnlI qua1,dratic tuLnction'.
of ite A( ) -itd B(V) mittrices. I hli, is rcadilx accommIlOddted hV intrIOduILinQ an additional
state \ iriable. o~tw ,,a\ and replacin -Iqitii LILA it j x th) \\ he 11C jo eqluatlins:

t I Ii ) h'I 7,\ 1

-1Ile qI(Iixalent Aix) natri\k ik ho\% n inl .\pi-itil 1

2.3 (-,ist Niodel

i hi, CtiOn ls xI \'ith thle righit-han1d Side oft Iqution01 1. IOiltrCnt Icxels Of aipproximation
for the -ILI,[ input aire first des~cribed tOllOxxeCd k\ a dIi'.CI'ion fl ktIe 'ist spect ra ito he tised. It is

assumecd t hroui12houLt tiat thle atircrah samiples ai trotctt Lust ticl) otti a strmil lire, i.e. thecre )i>no
dcparttire ofl the aircraft fromt rectilinear flight.

2.3.1 P'oint Appro~imtttion

thle -,uit field is characteri.'ed bx the three turltit eclocit\ components u-. r- :ind iv,. Ini
thle Point approimat ott thle xariations oft these x elociti cl ox er the aircra ft are ieonored. I.e. thle
aircraft is treated etl'ectixelx\ as a point. Consistent xx ith the smiall disiurl'ance als'.utn1ptions thle
gust x ctior. g. iN separated into longitudinal and lateral sets. gi 'and '"l- repc x I onl-
dimeitisionialliie I,\ dit, dkin b\ I ,and noting that1 inl the point alppro..imlationl it, 1 -
and I'g I ,. d.:. the t\xxo sets becomel:

gi f I (12)

IIto foIlo ws t ha t thle B(sx) m aIr i ces ( 1 Eqn I )req Lli red t o relaittL the 11C1 t aerod~ naitil c fo rce are V

r II GI. ;'x , 1G( 1
Bt(S) = [. Hs) (3

Thle aerodynamic transfer futnct ions, (i~.(x etc ..are usuaoll) replaced xtiiihl Ilheir quasi-
stead) appromiaions (see Appendix I ).

3



2.3.2 11oser Series Method

I'llP, is an extension ito thle point approxtinition inl that thle gusit IAcd i, no% representd h\
thle gust WelCICtIeS Mrid their first deriatixes. It is, still assumecd th1at \arI:tiltII InI the 2-kllrettiOi
(nornial ito the Ih~tdirection) are nieeiibLe. thec remaining s dmesoa \c clls heldI i,

ex~pandedl as a Lx or series ahorit thle ;iircratt1 cetirc of Leras it aI.id hie~rorder term]s are
tle,-ctedl. C.

~ I)- c~g~t) C~. 5 '.. IV l ir order tcrm,. I

I 'or aircraft riid-ho d responses Retecren cc I sup-2ests thamt it is suf!hcient to torsiderI Oil

thle uifornm gust immersion terms u.. I.-. ii, togelithe \Nith linear gradfient termi

F Urtlcr. u,. v,. ii , and p,, can hec consiee It b'k o Fe wl i I\Iitle jendnrI ij nco rrelatcd Is h IIe
c orrel at ions h)a \ e 10to ', he aconedi 1for heissN cc and 11 an Ilkt (/, Je ank cI ,c 1 , 1d ;-,. N o %% R c feren ei c S
notes, that. of'tihe mradient terl'. ,i, dominant :consesjuinlk (,ill\ this termi retaiinedi in thle
follossi inc ratmien. I r simlplicit\

rhe 10ong-itudinal gus1It set thu11s remains thle same as inl I quation (2 ]-' ille the ltecral cit

becotnes:

xxhee th Ie pl gu1.st caIl l'e thIouLI t of' as corresponding1 to a1 roll IrateI C he I q lenCII \ CIt B2( m natrih
tonr 13) beconmes

(;. 16,

G I,G

L J

2.3.3 Range of Validity

ASSLtm! rectilinear bfight ait speed f .. andI nelctine11 ariar0ion itt the :-d1irtlCOn1 thle t\%0-
dimiensional gust spectral comiponent as experienced lix thle aircraft is, a seloc its tiel of' thle f'Orm

%k hich represents a t1t1e peCriodic \ locit\ alt ill\ point I) ofil0 the \ chicle. L i and !2 - are related
to thle xx ax elengths A, and A-1. inl thle A anILb rect ilns. I.e.

The range of valid ity' of the point and power series (or inear field) approx imtois cani te
stated in terms (if Q, and qJ. Reference 5 ttotes thtat the linear icild appromnIlLitron gix es g1 ood
representation of the gust x elocit\ dist ributiron ox er thle aircraft onl x lietel !21i and 5.:are "snrall

enough-. ie.x %hen AIr and A. are considerabl\ (e.g. tenlt ies) larger t han thie length anid span.
respeetih J\. of the :tircatt.

Further. considerations from unSteadN aerods t'atiics pros ide limits on 5- 
i and Q., for xxilch

thc quutsi-steady approximation is acceptable. I hits the folloxx or approinit limits are

obtained (Refs 2, 5):

Ltr . ,Y < 0 -I, I 0

4



These are rou~ghls Compatible %N11th the lmiitations on ki A . due to tile linear fiteld reprcsen-
tation. iniplinge a consistent use of quasi-steads del\ tii~ ~ith the lineair field model. 11.
general, thle range of frequencies cow red bs such at t reatmient is tidCq m1itC fr rigid hodl, mili on.,
appropriate to stabihits gui1dance and control problems. Kit .ipprecia bilc eroi, ,Iil ok. r if
structural mode responses are important. [ or tis case a nmore J,I.1rteaiC d ~nc io
should Fe empios ed and. consistent %%ith dthis. at more e~a~t 1p' il dir bhutiori ol lnC L,11 field
(se, fOr esainiple. Ref. ).

2.3.4 (;ust Spectra

filhe s11implst Model of turbulence a sumesC thai abk\ C tile p1Lneiai11' hounda'i' r\ia CT
approsimiatch\ 2'(1(1) ftl thle turbulence is istopcMid I in1,1CeneO'us. l it mnsi~n thait icneLh
,ifaes and intensities are the samne in ill direl.ioris. I hie %oni tK.niat spcIri f'll tile turhuleike

l.ctsire Lcien hbs (Ref". Ir

+' 1~~J- 3391 1. 1 " 391 . 23

h ie i I Iurhukitee i wnnI\it and I thle lcitli .- ILc. ta ken t, !,k 2"iti( I win RcTeillite
\lI .c- itI,\ r , spct ra a re ,ero ill isoirofli iti HLrhuLene t. 10-s pci~ .,mi'e ecC

,,s'irpi, ur!bUleIit F \riation, in \6%oiiies oseri thc selis .C are aIlo%%"d seCe. :,resa e
Ref. 4,1. 1 hen'c :ire nC1eieLtled here isN c \plstiniid i n Sectioni 1... I he)'Ilk Other spes1*JT truni rCd

here is ti,it for 1, . Lis en b% Referenc I

. herle I. is thc l t.

A\ll sp~riabose are sitle1 sided SO thaft ile inieoraitiloi mits in IqainI5iIiernzr
!1o Hiini' \O Non d,ot itil .1d freqtin .. -. jrLc relatedj i !21 -(see I qn i l)d.

VIt hOneb- A sile)I isotropic niodel Of turbulece , has been described. the general approach
itself maks re11li l. simple1 to use at more Lomnples modci approprnate to. sit\. flight at lo\%er

3. COM PU TER PROCGRAM

I lie matin program has been designed to he as- fleible ats Possible to em le1 thle User to alter
It Io stilt tile particular problem in hand. -1 buLs the maliin programl concentrates on deftining thle
proleni pa iranmeters i ie thle basic calculations are al:i1C ed bs calls to general purpose sub-
ro tiesI)c. It is also possible to use the program sirrmph. to gerate transfer functions, for arty
'> stern of the form in en b\ Eq uatiotn 1. A getiemal descript on of'the p1rogram followis ineludine a
sunmar of' the input requirements and output produced b)\ thle curre nt g'ust response ealcula-
tIois,. I h, program is is ritfen in I-ort ran and implenietited on the A RL D)EC S~ stemn 10.

3.1 General Description

TFie basic structure of thle main program GL. SIR is. sho%%ni in FEngUre 1. 'File problemn
dimensions (i.e. dimension of' the A matrix)I and all \ariable dimensions used in the prograrti
are defined at the beginning of the program fil a Parameter statement. This is follossed b\ a
hlock s\ ith labelling and initialisation data required] for later plotting of the results. The Plot
files for the ('aleomp plotter are prepared hia thle program "TRANS" described] in Reference 6.

The next step, constituting thle problem definition. is to specify thle elemenitl of the AC%
and Bifs) matrices (Il.qri (Ill). Each element of A(s) and HI.) is assumed to be aI second order pol)-
nomniaf in s. te.

or (5
ho /7).5 st



In order to define Alsxh three arra)" 01 COCfiLCNils L SCI etil rip.tlitrt to Loti,iil all thle /t-ro
order coefficients (aoi. etc.) the Second to contain the first ordcr cef-icnts, . nd Ilk thild
to con Itinl tie second order coefficientsI (Ill, etc. I. I hrecC %kt O- InrrIIoTIIn.i aIa f) XI 1 11. J
.4 1t!I. j1) and Ll12 t. J ) are usedI for thi INPUr po se Such I hwt AOt /. .1)LI crI,:rr I h I SIIICu crfnt '0 otc 1
thle I . JI) element of Ams etc. Similar consideratiorn appl% to Bi et rc(Ihat, sirisIe tauNfr

function'1 are 1calulated for one I-uLSt 1,11110s C ni dnn ata ime. 111C dimrlcliioii Irfas i% I i. Bi I (
and UN/ I are req u iredI.

I II thle aircraft case thle elerrents Of theC AOr1I,(~:ref its 1.kenA* )IILII. n \ppeCn1L\ 11

the eqii\alenlt 11(s matrices arc gtseir I, I quitiili, ( I)Iid (I-)

Ilias i definted thle \N terni natrices thle sOIlMtio proceds ts 0i 1,111l 10 'Libr. 'Ine
"IR \\SI. -, Mruch c.alculates the polnMI01,il COLf'Ilrentsl 0I the eiti'i'rlad iire~

of cati of the transfer funictions defined b\ theC s\ stfl. I hie d'Iftrra or s11it IL!ter,

IsA no"iinl. root, are ohiawr'd hOs a call t I"'r 'in Pt )l R I Pols urn ,di k0s P1CnIer
of 1 ars \ir i tratlitet lunc~tions reLjiiedci carn N: ,IalAited it tis)I Itg the present p~ro'2ram

caind).ts, those for the normal icceleIration at tire cetitre of .!r. t\ I I stinist) ii ihe I> i uia
cabe and the \.am anele 0 lyri 19) itn tile Lateral caseC.

I he re iens epov~ 1Lin tnetoi. ( I i.I are obiainted I uli itij ng ' : -.

ihere thle flt'rn!-J:netsorlni Ime11. r C 2 1 ap par, 'C~ he ": thle L; [,I '..r i Sd Is
tOrcspc, to t0ron'l-dirnensionaf rie, thei responsec ponse seCia densitics then:T tollo\

rani I qui!orti I 5i usini. the spctrai 515(11 in SectIin 2.1.4. In) nrlgII these si11cnLLtWn'Is use

111eotsi'iltT' P 11C 0! ItichI esILIC. al ;te )Ol\k irtia 111, rI ICotiple cuiirt. t
is j:-nc to the mai proeram.

luua i ie ISeeitirs lareeLs I hs Stnronitinc I R ANN SI". Ii !' Vnn:h 1K

I R \\SNI 11,11 t :sIitc:W in dIceiininn'. I hius (TI 1!t: is P!npTtional, to 'r
I- : I atl Inouirt' o.fpnn~t 10 (econd on i th I)[ C sstenf.itreasine11 \crs

rapid! t 't lanr_!cr ti. It' l~trrer o rder s'. tems treed to hec treaed. COrnputi t on time cain b'e reduce:,d
K aiouninchi her lider IAl's oritiak as elemntiNs of -Alit) wd hint. t % sould require arl

altaionXII to sur Itn RANSI

3.2 Inpuvs

Ih hItl a~e to dctii rhe rnarr,:es -At i) aind Wi nj il l depend ott the pairticular problemn
tit hains. In ,cencrail the !ala cain oe dlrs sled into three Oroinps rehired to aircratft Cor1IiurutatiOn.
1I1ie:ht condi tinms and aerolds ramics. As an e\arflple Aprenfi\ " lists the set of datia required to
Calcnl11,tC lortidinal anld lateral guiit responses (if iix Mm1ra,. I hie pitii ing arnd \ ass ins monment
daita arc oftent cisn relatise ito a referense centre of' gras it% postiti and thle pirogrami adiuts
these to tile atlld cur th drag1 dueC to pitch slarnper dens atit . ('i,.. has been set ito zero to asoid
at rrorr-finearr\i arisinti from its Sign depertding on tile sI 't1I of 0i It is in in- case SmialI. It hlas also
heen assunted that thle reference state is (one oft leadl flight. ,, 0. aInd that the thrust line is,

p)irallel to) thle referetree aw-.e. i.e. 71 --.

Wkith the , i en data. thle program sarries ouit ;ill thre nece'Sarti no-iretiorrliu and
autislratl -1asiulations tiecessars to Net thle matri\ element,. ( )rie aIIonal11;1 piece of irttornmation
requiired is tire thrust due to speed dens atise. C-r4 . [Fir a jet posseresl ircraft Suchr Is tire Nlirae.
constant thrust propulsion can he assumed so that Cr14  

2(-,,

I las ing set thle elements of A(s) and B(S) a~nd CAClUlates thle transfecr fuLnction elements,
(W. the progran only needs the turbulence length Scale to define thle input Spectra a,2 (i.e. from
I (in-, (221 (241) and obtain the corresponding output spectra a," fronm lqutation (5f. ssIterc ffT,
is the reles ant g-ust %ariance.

3.3 Ouputs
'Fime chtoice of' outpuit dpnso eplctio nadcan leraicanged by the user.

Immediately waahble are the ecoefficients of thle Laplace forml of' the transfer functions. (i..



the characteristic roots of thle sxstrni. the real and imnaiiniar% parts of' the transfecr functions as
lu nct ions of' freq uenc%, ,40( 21) and outpu t specotri is fiinctin tit1' frequicit .. !21 0 1

For plots of' frequenes response or otput spectrum against (treqUCUIic it is generallk cL 1-

%cenient to use a log scale for the abscissa bcauItse of tIhe \NI ItICLquCIuc\ range generalls ol'
interest. lIn this caIse it is, UsetIiil to plot spectral densit\ mutiplielhd h\ hCeLtuCIcN I.e. L1t2i
rather than u(12III. as the ordinate since the area Under suICh a graph is, then proportoial tot the
isariatice 11 qln (il)):

23 2 1( ~i2! )111lo, 12 1. (26)

pIc results IrC shos\%I nor t~w \m delk dilffer1Ing C011 titiurit' ,on Itt this scilOrt. [lie tilst
(1ne Ca111 he thought1 ot" as a p)ossibile RlP\ ~onifirmitio1 \NI hue the second onec rel~dtc- to tlie

11ii1 I. [ lie usefulness of' the program ill 1aCSesin the effects on ls response oft chanwcs inl

c e. psO on.coiu slsctIIs Miid .ierod\ imil pairam~eters is denionstrated.

I' \o g-raphs are plotted b'r each response \.iriahte ot' interest. I le uppeI)r 1raph 11t 10210
of theC II. Cqar ofth e fI[uei responseO and)IS th Ile I kmer gra ph plots ithe oulItut ['10~e speC tu i thCHV nIIe
tormi £ ',IW I - "here , Isle appropriate gust srne.Inl each OlsCte abl"ssa Is lg(2
N here-L t2 i I int s here). Since the present program defines the iniput spectra Ito be hlft
those gisen b\ I-quations (22) (241 the output \ariances are 460 ties the area Under thle out1put
spelt ra graiphs I Lin 0 I26)),

4.1 RPV Configuration

Results stio\\n n liet -ires 2 4 are f'or a s chicle ol' chord 0. 11 ill (0-36 f't) and aspect ratio
10) Ilbiiig at 10)6 mi s (348 i s) at anlltitUde of 31)5 in (1IOW t't . [-or tisl, case different turbullence
lengthi scalesC are Used for the Nertiecil gusts (I - 305 in lin it, and pg spectra) and the longitudinal
and lateral gusts (1 501 inl inl ug and I-, spctra).

[igure 2 shov. s thie pitch ratec. q. response it) ert cal gust. it, ats a function of'static marL'iii.
As the e.g. nmxes f'Orsiard the static margin intcreases lrotn at loN% \tl ui ol () I to at maxitnurn of-

1 47. At the same timec the xehicle becomes mutch more sensitixe to N entical guists. [he range oft
tialditx, ofl the calculations ( Iqo~ (20))11 isllso itidicated onl ligure 2. 1 quis alent results for the
pitch attitude. 0, response arc showin in [-igure 3. 1[tie tmo obh ions sets of' peaks correspond to
the short period and Phugoiut freqeicie&s of1 thle ehIICle. For static margin of' 0- 1 there is se er
little pitcli attitude response f'or logi.121 aboxe 21 i.e. uabow 3-48 rald s) in cont rast ito a coin-
sikdcrabf, amnount of energ% hetxeen 2 -~ log t2l -I 5 (3 -48 , (, - I 1 00 rad s) t'or at static
nmargiin of 1 -47. lii this latter ease the area LUnder the euirs e btweecn these limnits is. \cr\ approxi-
mately. I -0 (square inches) x 5 x 10 I scalle) %% Inch contributes to a %ariance ~
4-6 x 5 x 10 7 2 -3 x 10 1 (rad 21(ftl s, )2). [or at gust intensith. 'T'. of. I) ft s tis Nkotild

mcan a piteh atti tde response standard de\ iation of 0-0 15 rald 08X7 degrees in thle gitiei
frequency rang~e.

Ani esample of' roll rate. p). response to laferal gust. I-,, and gust gradient. 1 , is shoimn
in Figuire 4. [11he peaks near log(ill) -- 2 correspond ito the D~utchi Roll 1'requenc\. I he roll
rate guist response %arianes dueLt to Vg anld /), cani be obtained from the areas tinder thle respectix e
outpuit spectra oxer tile desired lfreqtmenc range, ats %kits done abow e s\itli the pitch atItude case.
Since it has, been assumned that there is not cross correlattioti bcoets e thle up and 1,, guts( t(lie total
out Iput varianle hI'r rollI rate is gi en b) tilie s tt f fi tle \arianrces d(file to I" 111d to

7



4.2 Mirage III Configuration

I cure' 5 Is 'ho%% results for roll rate and a\ rate rc~pon'c, of' a \1 ira cc t\ P\tc conficiara in
to lateral culsts. I . Ihlese are for flight at .1 f 0-9 at (61 I)n O2tt4 ft ) altitude. I1 he tiiibijletce
IeCt h11 scale has been taken as 25001ft.

Figuires 5 and 0 Nltoxt tile influence of' dihiedral effectl, C. onl the roll rate and \ a\% rate
respotnse, re~peiiel% .Th le D)utcht Roll frequet.,v (about 4 r~id ',Laud thle roll mode time
C 't1iMtati aOut1 0 2i ido not depiend stronegll onl C, . but thle I)IrA Mode time1 coi'tAflt chanecs
f-romI ab1out 4l0() ,for C, 0 011 S(cloC Ito thle true\au to a \erxlo 60\ 0 ot CI (I I.
I hie e-flect on the roll response to lateral gust N also \ er farge. I a' I-~ e c \ pected ii I I. .5. bult

thle \,m\ rate icNpNe)I onlyCILIIC N111 '..
I t1alk . thle effct o 'a dalmper onl Toll ind %.I\\ rite r'poii'C' iN 11o 1t1 in IcLire' 7 .1ni111

I hie damper)CI IN CleArf'. eeCti'. eI aroundIL thle lUiCi Roll IfrCkuenClI and1 et1CLLCII 1ii ucl,\ )
etlecct \v cadInIIti~i the roll and \a\% gust me'lponseN olihi ac picldoiirianll .it tIlti' rt.1Lf Icnl.
IIhe appro1-\itiiat miteOf s.ldf hioO Ii n I cureII X 0c\Q1 er IN m Oof thle outputH 11CCUt1i uiC\Cen
forl tfil C~i'e -1f arI-C Chord. I i .inICe of' \Ahilt' Oti -1 call ic C\,tcindcd b'\ a fair of i'0t)
iiti'tead' O'cilILitOr' aerod'nam~ICN aIrCe ~d.

Sm III I ':011 Cmii ICIf il\ he ji)J*0 iieef I"O M.1 ii)' 1C t icr \ a i)I C 0I 1111ICI otCL~III- iI. 0t1e ic a ' f
I[ yIll ta ataf CH Ior extra, .iti1illc. 'iiji Ja, i\J\i% Jiefrt~t.x iomilc.

icee. 1 1;1, iS) .iud tL)ui. It- oly tile response to thle co c mpt'nent, gixe\n by\ I qltouns

ai1d ( ib) 'ilke considered then krO'.N-COrrITC,10ioN canl he nC2eCted muld I uaion1111 (51 canl be
ii'c-d t0 L'\ tl output1 Npctmri. -I Ihe ] r0ognrimI canl heC Lfi(tc eail.'teitdcd ito Include other LUst

oninnt.cro''-,orremtaons .' ouk)ldk reqiLre thle tise ofl the niorecgeneral I- qiiation (4 for thle

(OM~ I SIONS

I Iii Note has dcscriledf a IFortran program dexeloped for aircraf't rici- bo-hdy g-LINt respOnNe
t.,d1CIafoia'. IeII theOrtc[.il 1a'IIP !Ind Its hiiai'orN~ flaw fhen 'umlinai'.edcl. %t ith a mlore detailed
dc" I rilioa if thle .ir1 aftl aInd gt11 Models anld of thle prllocraml organli'ataon.

I )eC01oikie >nall iktiirhaiace eqtilItLN01 of mulottoit hia'. been ii'ed x itli pro'. 'ion lot
ailia CL ei iatioII' for 11n\ ffi''lt Cotntrol S\Ntrm'I. \lost (onfigiirmtioti. I hIIht Condition anld

\cro'knimic la arc read Inl aN input, and canl readily bc '.ariCd. [hIe gu1.1t NpCctrad deeri bed
ire .ippt oimraat to Iso.tropic homnoceneous turblceIC Atnd croN'-correcLationN ha.\c not h~eti
Iiliddk l ilte exmpe' civen

I lie: ma in program in aN been organjlieCd inl a flexIble If01rn Ito allok.\\ easy alteration either tol
thle mathemnatical model or the "Lis.t SNpect%. Thu'I. for examiple. dianccs inl flight control \' lens

oi ixldiill at tral outlput '..iriables can ble rea dil'.acmmdtd Sinialarl'. 1. it iN meClatixcI'.

ca, tomodf'\thle program ito eater for crosscorrelatioix in the gust iipaitN. I-iecalcuilatton of

il i Pujlctrai No that it IN pos.sible to tise the program simipl\ to CIcaklct the transfer Fuinctions.
of mIl\ Ilaea Ntcnll.

I Ilie ex1ttiipfes 0ixti deiC~nttrate t he tisdultie~' of' thle progratm Ii assessinti the effect'. of
\irM'111 :n1 conifiguiration. ;terodly raniics or control s '.1cm'. ott theC gLINt respotnse of' aI goen
chicle.

A( K\NO% Itt)(MINT

Mlr 1'. ( ,otlie pro'. tied thle N.ubroutine -I RANSI '.xhich is. an important component of
the LunFCut prograitt indl conrthuteN to its. tle~ibtIty. IlIt' help Ii dexeloping the general NtruLCture
of tilie p ro gram Iiii gratefulk alCknowledged.
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APPENDIX I

Aircraft Dynamic Model

(i) Basil Model

The Longitudinal A(s) matrix is[ tWri cos r G,v . 2C,,sin /,. 21o) (CI., ( 1,) 0 C,, cos ,

(Gr- sin r • Gi. - 2C ,,. cos Y,.) (GI,. CI,,.. 2jis) (211 GIq) ('. sil l

G111% G ,, (6",,.l 1,.s) 0 (A 1 )

0 0 I s

Ihe lateral AWs) matri\ is[(Gs' 21(s) G'(), (GG.r 2t1,..r) 0, COS

I,- (6li ( ' .)AW A) {'r [ ].A 0

0 I tan )s (..R)s

The aerod. namic transfer functions. G\. Gt\. etc.. are usua]). replaced by a "quasi-
stcad" acrod. namic der kat ik e representalion, i.e.

(;I\ CI),

etc,

but

(m, ("., ' .

(i6) I,,de! wiith Pitch aii Yaw Damper

The .aw damper equations are ( Iqin (II)):

(T2,ra. * - (72 r:) () 61(S)
( r • :4) I )ts) Ksr,(s) (A3)

The state vector becomes (Eqn (6)):

X = [A V(s). X(s). q(s)., A( (s), S1(S), (.V)] 7' (A4)

with a similar extension for the lateral case (Eqn (7)).



The longitudinal matrix is augmented to

0

A(.) = Ai(s) 0 OL.,

(6 x 6) (4 x 4) 1
1 0

I0 0 n,
0

0 0 ks 0 1 (TT3S• (T2 T3)S 0

0 0 0 0 1 (7T73S- 1 (rI 73)S I)

%, ith a ;imilar extension in the lateral case except that G n,. G- ., and -- G, are replaced by
(;.,. Gj; and (A,, respectike>.



APPENDIX 2

Input to Gust Response Program IMirage)

(A) ('tmfrguration Dau

1. Mass, ti

2. inertias

(i) Roll. I

(ii) Pitch, I,

(iii) Yaw. L
(iN) Cross, I,,

3. Reference Area. S

4. Reference Chord. d

5. Reference Span, b

6. Centre Line Chord

7. C.(. Position as ",, of Centre Line Chord

8, )ampcr Gain (Eqn 10)), K

(BI) H'-Ilht Conditions

9. Airspeed. V

10. Altitude. b, or Density'. p

II. Turhulence Length Scale. L

(C) 4crod.tnalnics l.ongitudinal

12. Cto,.. Trim Drag

13. C1,, Drag due to speed

14. Co. Drag due to incidence

15. 0,, , Lift due to speed

16. Ct,,. Lift due to incidence

17. Ci,. Lift due to pitch rate

18. Cv. Pitching Moment due to speed

19. C,,. Pitching Moment due to incidence

20. C., Pitching Moment due to rate of change of incidence

21. Cm. Pitching Moment due to pitch rate

22. Ci,&, Lift due to pitch damper

23. Cm,. Pitching Moment due to pitch damper

A



24. C,,. Sideforce due to sideslip

25. C ,, Sdeforce due to roll rate

2h.\. Sideforce due to Na" rate

27r. Rolling Moment due to sideslip

28 . Rolling Moment due to roll rate

29). ( Rolling Moment dlue to yaw% rate

30. C., Ya me Moment due to slideslip

31 V.Ya % i ng Moment due to roll rate

3.C,,,. Yawing Moment due to Nrj~ rate

33. c.,. Sideforce due it) N v damper

4.C.Rolling Moment due to \aM damper

.'C ,,. Ya% ina Moment due to \.i\ damper



Define problem
dimensions

Initialise 'TRANS'
for plotting

Input data

1. Configuration _1 Define A,B13
2. Flight conditions -I matrices |

3. Aerodynamics

Calculate transfer functions

subroutine 'TRANS

Calculate denominator roots

- subroutine 'POLRT'

Form extra transfer
functions as requiredI
Define gust spectrum

evaluate transfer functions
and response spectra as

functions of Q ('CPOL')

Output results O
plot using 'TRANS'J

FIG. 1 BASIC STRUCTURE OF 'GUSTR'
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